Phosphorylation of proteins by kinases is the most commonly studied class of posttranslational modification, yet its structural consequences are not well understood. The human SR (serinearginine) protein ASF/SF2 relies on the processive phosphorylation of the serine residues of eight consecutive arginine-serine (RS) dipeptide repeats at the C terminus by SRPK1 before it can be transported into the nucleus. This SR protein plays critical roles in spliceosome assembly, pre-mRNA splicing, and mRNA export, and the phosphorylation process of the RS repeats has been extensively studied experimentally. However, knowledge of the conformational changes associated with the phosphorylation of this simple sequence and how it triggers the importation of the SR protein is lacking. Here, we have carried out extensive molecular dynamics simulations to show that phosphorylation of the eight RS repeats significantly alters the peptide's conformation and leads to the formation of very stable structures that are likely to be involved in the recognition, binding, and transport of the SR protein. Specifically, we found an unusual symmetry-broken phase of conformations of the repetitive and quasi-symmetric phosphorylated peptide sequence. One of the main characteristics of these conformations is the exposed phosphate groups on the periphery, which possibly could serve as the recognition platform for the transport protein transportin-SR2.
P
osttranslational modifications of proteins are of immense importance in molecular biology because of their ability to control the functions of a host of proteins (1) . These processes have been studied in great detail, but many of their structural implications are not well understood. Although there are only 20 amino acid residues genetically encoded for mammalian cells, nature has found ways of adding to the variety by modifying the side chain of some existing residues after the translational process. There are several forms of posttranslational modification of protein residues that are vital for biological functions such as methylation and glycosylation. Among them, the most widely known and well studied form of reversible posttranslational modification is phosphorylation of the hydroxyl group of serine, threonine, or tyrosine by protein kinases.
Phosphorylation of proteins is known to act as a signaling mechanism, either by direct changes of the binding properties with its recognition partners or by conformational switching to alter functions. Once a protein is phosphorylated or dephosphorylated, it can trigger a cascade of signaling pathways that eventually lead to the alteration of enzyme activity or gene expression (1) (2) (3) . The underlying molecular consequence of phosphorylation could be the recognition of the phosphate group by another protein or a change in the native unphosphorylated conformations of the protein by rearranging the freeenergy landscape. The landscape of a protein could be changed in variety of ways because of phosphorylation. For example, the physical effects of phosphorylation have been shown to range from a change in the rate of cis/trans isomerization (4, 5) of a serine-proline motif after the phosphorylation of the serine residue to much larger conformational changes (6-8), which include shifting of the conformational equilibrium from a predominately unfolded state to a more packed structure, or vice versa.
Previously, it has been shown that phosphorylation stabilizes the helical conformation of short peptide motifs (4, 9, 10) . Also, it has been shown experimentally that, upon hyperphosphorylation of the much larger tau protein (11), the secondary structure changes from an unstructured state to a more helical conformation, even though the amino acid composition of tau statistically disfavors ␣-helical secondary structure. For many proteins, there is not much known about the structural changes that accompany phosphorylation at atomistic detail. The lack of structural information is not surprising. For signaling proteins, often one conformation is preferred at a given condition whereas the other form is quite transient. What are some of the other possible structural effects of phosphorylation? The structural implications of phosphorylation are undoubtedly far-reaching, and the extent is yet to be determined. To further probe the effects of posttranslational phosphorylation, we have embarked on studying the structural effects of phosphorylation of a simple, yet important, sequence, the RS (arginine-serine) domain of the SR (serine-arginine) protein, which upon phosphorylation sets off cascades of signaling pathways that play critical roles in spliceosome assembly, pre-mRNA splicing, and mRNA export (12) .
SR proteins are a family of proteins with at least one RNA recognition motif (RRM) at the N terminus and an RS dipeptide-rich C terminus known as the RS domain (13) . One of the well studied SR proteins is ASF/SF2, a human SR protein, and the domains are schematically shown in Fig. 1 . The RS domain contains a repeat of eight consecutive RS dipeptides that are all phosphorylated in the cytoplasm by the SR protein kinase (SRPK1) with very high specificity and efficiency in a processive manner (14) . The RRM and the RS domain are functionally independent of each other in alternative splicing (15) (16) (17) . The SR protein retains its splicing abilities even without the RS domain in vitro. Mutational studies have shown that this short motif (RS) 8 of the RS domain is phosphorylated in the cytoplasm, and the phosphorylated motif forms the nuclear localization signal (NLS) for the nuclear importation of this protein (18) . The nuclear transport receptor transportin-SR2 (TRN-SR2), which is an importin-␤ family protein, binds the SR protein at the phosphorylated region of the RS domain and shuttles the SR protein into the nucleus through the nuclear pore complex (19) (20) (21) . TRN-SR2 only interacts with the phosphorylated RS dipeptide repeats and not with the unphosphorylated RS repeats. The other regions of the RS domain then are phosphorylated in the nucleus by the nuclear kinase Clk/Sty. In the nucleus, the N-terminal RRM of the SR protein binds to the nascent mRNA and assembles the spliceosome for cotranscriptional splicing of the pre-mRNA.
The significance of the SR protein is enormous for the maturation of nascent mRNA, and the mechanism of the phosphorylation process of the RS domain is well understood. However, nothing is known about the structure of the NLS of the phosphorylated RS dipeptide repeats and how it interacts with TRN-SR2. Interestingly, the consecutive RS dipeptide repeats have been shown to be not only necessary but also sufficient for the formation of the NLS of the SR protein after phosphorylation. A phosphorylated peptide containing eight consecutive RS dipeptide repeats was shown to interact directly with TRN-SR2 and inhibit the nuclear importation of the SR protein via TRN-SR2 (20, 21) . Also, nuclear importation of the human SR protein was observed when the whole of the RS domain was replaced with only 10 consecutive RS dipeptide repeats (16) . How does the structure of the phosphorylated RS repeats facilitate the nuclear importation of the SR protein? How could a simple sequence of RS dipeptide repeats encode this important signaling mechanism? What structural information does the phosphorylated RS motif contain? The answers to these questions might lie in the uniqueness of the RS dipeptide repeats and the conformation of this motif after phosphorylation. We have studied the structure of the eight RS dipeptide repeats (RS) 8 of the RS domain at atomistic detail before and after phosphorylation by using molecular dynamics simulation studies and free-energy calculations. We observed very dramatic differences between the unphosphorylated (RS) 8 and the phosphorylated form, henceforth referred to as (RpS) 8 . We also discovered some new and very stable structures of (RpS) 8 that possibly could act in the recognition of the conformation of the nuclear transport protein. We have termed these stable exotic structures of (RpS) 8 as (phospho-) arginine claws.
Results and Discussion
Phosphorylation of the (RS) 8 motif of the RS domain signals the nuclear importation of the SR protein and assembly of the spliceosome. Therefore, this sequence, albeit very simple, plays a very important role in the recognition of the SR protein with the nuclear transport protein TRN-SR2. The mode of recognition is unknown but is known to directly involve interaction with the NLS formed by the (RpS) 8 motif. To gain insight into the structural transition and conformations that are possible for the (RS) 8 region after phosphorylation, we have carried out molecular dynamics simulation on the eight RS dipeptide repeats of the RS domain before and after phosphorylation. The results shed some light on the biological implications of phosphorylation of the eight consecutive RS dipeptide repeats (RpS) 8 and suggest a possible conformation of the NLS.
Phosphorylation-Induced Conformational Changes.
Starting from the fully extended-strand conformation of (RS) 8 , several 200-ns simulations with different random seeds were carried out with implicit generalized Born (GB) solvation. The resulting conformation for each simulation collapsed into similar helical structures is shown in Fig. 2 . The overall helical conformation persists throughout the simulation as also shown in Fig. 2 , with several segments occasionally undergoing helix-coil transitions. The side chains of the arginine residues mainly point outward into solution, thus minimizing electrostatic repulsion between the positively charged guanidinium moieties. The hydroxyl groups of the serine residues also are pointing outward into the solution. This configuration possibly could be ideal for the processive phosphorylation of (RS) 8 by SRPK1. Also, it has been shown that the docking groove of SRPK1 has negatively charged residues (18) that possibly could serve to recognize the guanidinium moieties of the arginine residues.
The resulting helical structure from one of the simulations was solvated in a periodic box of TIP3P water molecules, neutralized with eight chloride ions and simulated for 20 ns. This simulation was done to check the stability of the helical conformation of this motif in explicit solvation and to see whether the resulting conformation would be different from that of the implicit GB simulations. There was no noticeable change in the overall conformation of (RS) 8 . The secondary structure underwent similar conformational transitions, as seen in Fig. 2 .
We performed a second set of simulations with all eight serine residues of (RS) 8 phosphorylated. Again, several 200-ns simulations were carried out, starting from the fully extended and helical conformations of (RpS) 8 with implicit GB solvation. Irrespective of the starting conformation of (RpS) 8 used, convergent results were obtained. One of the conformations of (RpS) 8 is a linear random backbone conformation with approximately one arginine group interacting with one phosphate group, as shown in Fig. 3 . The strand is not fully extended because the arginine-phosphate interactions cause the structure to assume a wavy conformation, which also is evident from the plot of the change in secondary structure over time in Fig. 3 . The arginine-phosphate interactions tend to stabilize this conformation by forming stable salt bridges. On average, there was only one arginine group interacting with one phosphate group. It can be clearly seen in Figs. 2 and 3 that there is a drastic change in the overall conformations going from (RS) 8 to (RpS) 8 . The entire structure of (RpS) 8 does not retain the overall ␣-helical conformation. However, the local conformational / space of each residue seems to alternate from ␣-helical to ␤-stranded. The backbone dihedral spaces of the alternating arginine residues mainly stay in the ␤-stranded region, whereas those of the phosphoserines mainly fall in the ␣-helical region. Similarly, as with (RS) 8 , (RpS) 8 also was simulated in a periodic box of explicit TIP3P water molecules for 20 ns, and similar conformational preferences and interactions were observed.
For comparison, we also carried out a third set of simulations on partially phosphorylated (RS) 8 motif to study the conformational progression as it changes from an unphosphorylated state to a fully phosphorylated state. The two partially phosphorylated systems studied are referred to as (RpS) 2 (RS) 6 , wherein only the first two serine residues are phosphorylated, and (RpS) 4 (RS) 4 , wherein only the first four serine residues are phosphorylated. Again, all simulations were carried out for 200 ns and with the initial structures in the fully extended conformations. A progressive change in the secondary structure of the RS motif clearly can be seen as it becomes phosphorylated (Fig. 4) . The unphosphorylated (RS) 8 has a predominately helical conformation, which starts to disappear as the serines are converted to phosphoserines. The conformational transition from the secondary structure of (RS) 8 shown in Fig. 2 to the secondary structure of (RpS) 8 shown in Fig. 3 is seen clearly in Fig. 4 , with half of (RpS) 4 (RS) 4 exhibiting an extended-strand conformation and the other half being ␣-helical. Similar results were obtained when the peptide was partially phosphorylated at the C terminus instead of the N terminus. This gradual change in conformation of the secondary structure possibly could play a role in aiding the processive phosphorylation of (RS) 8 by SRPK1.
Arginine Claw. In addition to the noncompact conformation adopted by (RpS) 8 in Fig. 3 , the structures of some of the other 200-ns independent simulations collapsed into more compact conformations with a phosphate moiety of one of the phosphoserines in the center, chelated by guanidinium groups of approximately six or seven arginine residues. The high symmetry of the sequence could result in more than one possible phosphate group anchored in the center. In other words, we found a highly unusual symmetry-broken phase of the molecular conformation of a repetitive peptide. We have termed this type of conformation an ''arginine claw,'' or AC for short. A snapshot of a particular arginine claw with the phosphate group of the third phosphoserine residue in the center (referred to as AC-3) is shown in Fig. 5 . The arginine claw conformation is very stable and, once formed, persists for the rest of the simulation with occasional exchange between the guanidinium side chains of the arginines surrounding the central phosphate group.
The central phosphate group of one of the phosphoserines sequesters some of the side chains of the arginine residues to the center, leaving the other phosphate groups in the periphery of the ''claw-like'' configuration and pointing into solution or interacting with the guanidinium group of the remaining arginine residues.
The phosphate at the center forms multiple bifurcated hydrogen bonds with the guanidinium groups of the arginine residues, as shown in Fig. 6 . Because the guanidinium group is flat, an oxygen atom of the phosphate group easily can form bifurcated hydrogen bonds with more than one of them. The guanidinium group of arginine has been shown to form one of the most optimal hydrogen-bond networks with the phosphate group (22) in comparison to other amino acid side chains, for example, the ammonium group of lysine. It also has been shown that the arginine-phosphate electrostatic interaction possesses a special stability (23) . Furthermore, we have looked at the orientation of the guanidinium groups around the central phosphate group by calculating the orientational order parameter as described (24) by using the central carbon atom of the guanidinium moieties and the phosphorus atom of the phosphate group. The signatures obtained did not resemble that of the standard sc, fcc, or hcp lattice or a regular iscosahedron. The orientations of the guanidinium groups were placed more randomly and not entirely fixed around the phosphate group. However, consistent signatures were obtained regardless of which phosphoserine is at the center of the claw.
The linear conformation of (RpS) 8 is more flexible and has a higher entropy than the clawed conformations, whereas the clawed conformations are more compact and undoubtedly more energetically favorable than the linear conformation. Which conformation would have a lower free energy and therefore be more dominant in solution? In answering this question, we have calculated the free energies of the linear and five clawed conformations, as summarized in Table 1 . Five different clawed conformations were used to investigate whether there is any significant difference caused by the sequence location of the central phosphoserine residue along the peptide chain. An arginine claw with the phosphate group of the first phosphoserine residue in the center is referred to as AC-1, and that with the phosphate group of the second phosphoserine residue in the center is referred to as AC-2, etc.
The clawed conformations turn out to have lower free energies than the linear conformation does. Several of the clawed conformations have similar free energies and therefore potentially could be formed in solution after phosphorylation. These relative free energies do not provide information on the barrier heights separating all these conformations. However, once a particular clawed conformation is observed during a particular simulation, the conformation is energetically very stable and stays in that conformation for the rest of the 200-ns simulation, suggesting that the barrier heights separating the different conformations are reasonably high. It appears that the transition between two clawed structures with different phosphate groups at the center involves the complete unfolding of one claw and refolding of the claw around the other phosphate group. This finding also suggests a rugged and frustrated free-energy landscape. To investigate the accuracy of the solvation model used, which previously has been shown to reproduce the equilibrium properties of explicit water simulations (25), we carried out a 20-ns molecular dynamics simulation of AC-3 in a periodic box of explicit TIP3P water molecules. The claw is found to be stable over the entire simulation. However, the number of guanidinium groups around the central phosphate group was reduced to approximately four to five, as compared with approximately six to seven in the implicit solvation simulations, rendering the overall clawed structure slightly less compact.
Possible Biological Implications of the Arginine Claw. One of the main characteristic features of the arginine claw is the phosphate groups on the periphery of the structure, and it is known that the transport protein TRN-SR2 only binds the SR protein at the RS dipeptide repeats after phosphorylation. Therefore, these exposed phosphate groups of the arginine claw possibly could serve as the recognition platform for the transport protein. Also, because transport proteins normally are promiscuous, the exact conformation of the clawed structure probably does not matter, and the transport protein potentially could bind to any of the folded clawed structures. Therefore, the landscape of highly symmetric peptide repeats potentially could make the binding and transport process more efficient, because the recognition with the transport protein might not be based on a unique folded structure but rather on ensembles of similar structures.
Phospho-arginine claw-like recognition has been implicated in several other biological processes. For example, numerous NMR and x-ray crystal structures of the SH2 domain complexed with a phosphotyrosine peptide have the phosphate group of the phospho-tyrosine residue surrounded by the guanidinium moieties of two or three arginine residues (26, 27) . In the dimeric enzyme thymidylate synthase, four arginines stabilize the complex by surrounding the phosphate moiety of the substrate 2Ј-deoxyuridine-5Ј-monophosphate (dUMP) and donating hydrogen bonds (28) (29) (30) . Also, the heteromerization of adenosine A 2A with dopamine D 2 receptors and glutamate NMDA receptors with dopamine D 1 receptors have been shown to depend on electrostatic interactions that possibly are formed between arginine-rich epitopes and serine residues susceptible to phosphorylation on the opposing epitopes (31, 32) .
Conclusions
We presented the computational results of the effects of phosphorylation on the conformation of the RS domain of the SR protein. Phosphorylation of the serine residues completely altered the conformations of the RS repeat: the unphosphorylated RS repeat exhibits a stable ␣-helical structure; upon phosphorylation, helical structures are no longer present, and noncompact and claw structures are predominant. The compact arginine claw is more stable than the extended form. Because of the repetition and compact nature of the claw, there exist several similar claw structures centering on different phosphate groups. Ideally, structural experiments such as circular dichroism (CD) and NMR should be very useful and straightforward in validating the change in conformation of the RS repeats after phosphorylation and the proposed structures. Naturally, for NMR, several unique and interesting challenges could arise because of the fact that this is a highly degenerate and highly charged system. Nevertheless, the distribution of a direct measurable, such as the backbone Fig. 6 . A zoomed-in view of the claw shows the hydrogen bonds formed between the phosphate group of the serine residue and the guanidinium moieties of the arginine residues that are stabilizing the claw structure. N-H direction of each residue relative to the major axis of the molecule, could provide some experimental evidence about the different conformations in solution.
The phosphorylated RS repeats form arginine claw structures that potentially could serve as the recognition platform for the nuclear transport protein TRN-SR2, which does not bind the unphosphorylated RS repeats. The characteristic feature of the arginine claw structure is that a phosphate group occupies the center of the claw and sequesters several of the guanidinium groups of the arginine residues around it, leaving the other phosphate groups exposed on the periphery of the structure. The phosphorylated RS repeats of the RS domain are known to bind the nuclear transport protein TRN-SR2; therefore, the phosphate groups on the periphery of the arginine claw are likely to be involved in the recognition, binding, and transport. Mutagenesis experiments could be carried out to test our proposed model and to determine whether TRN-SR2 interacts with negatively charged nonphosphate species that do not form the clawed structure by mutating the RS repeats to AE or GE and AD or GD repeats.
Although using all-atom computational tools to fully and accurately explore unknown structures of peptides still is in the early stage of development, it does provide a helpful starting point for various experimental designs. Hopefully, the feedback of experiments can lead to the validation of the computation or refinement of the theoretical model. A thorough understand of the molecular interactions can be achieved with the eventual convergence between theory and experiment.
Computational Methods. All simulations were carried out by using the sander module in the AMBER 8 suite of programs (33) with the Duan et al. (34) all-atom ff03 force field parameters. All of the simulations in implicit solvation were carried out at 300 K by using GB solvation and by solving the Langevin equation with a collision frequency of 2 ps Ϫ1 at every 2-fs time interval. The apolar solvation term also was included in the potential function with the surface tension parameter set to the default value of 0.005 kcal/mol Å 2 . The simulations in explicit water molecular were carried out by solving Newton's equations of motion, also at every 2-fs time interval, by using a cubic periodic box of TIP3P water molecules in the NTP ensemble. The pressure and temperature were maintained at 1 bar (1 bar ϭ 100 kPa) and 300 K, respectively. The electrostatic interaction was treated by using particle mesh Ewald, and the nonbonded interactions were subjected to a 9-Å cutoff.
The free energies were estimated from the molecular mechanics, GB, and apolar solvation energies from the implicit solvation simulations and the quasiharmonic approximation of the configurational entropy (35) .
